Analysis of previously unpublished allele counts obtained from the French-San-Neanderthal-Chimpanzee alignment of the high quality DNA sequence of a Neanderthal from the Altai Mountains raises significant questions about the currently accepted phylogenetic model of the origins of Europeans. Previous estimates of the proportion of Neanderthal ancestry in presentday Europeans ranged between 1.3% and 2.7% supporting a recent Out-of Africa dispersal model followed by a low level of admixture with Neanderthals. However, analysis of the allele counts indicates the existence of an unidentified third archaic ancestor of Europeans, which diverged from its common ancestor with sub-Saharan Africans around 900 thousand years ago. This analysis shows that the relative proportions of derived alleles in the 0.0826% of the European genome that is not shared with the common ancestor of humans and chimpanzee are 13.6% Neanderthal, 32.3% sub-Saharan African and 54.2% third archaic ancestor. This analysis together with anthropological and archaeological evidence suggests a new model of human dispersal based on a Eurasian lineage in the Levant, which admixed with Neanderthals and descendants of African mtDNA haplogroup L3, followed by radiation from a basal admixed population around 55-50 Kya, with no subsequent major contribution to the European genome.
A major advance in understanding the origins of present-day Homo sapiens was made possible by the first sequencing of the nuclear genome of Neanderthals from three Neanderthal bones from Vindija Cave in Croatia by a group led by Svante Pääbo at the Max Planck Institute for Evolutionary Anthropology in Leipzig (Pääbo 2014) . This was published in Green et al (2010) in Nature on May 7, 2010. This sequence was aligned with the sequences of the genomes of various present-day non-Africans, including a French; present-day sub-Saharan Africans who had remained isolated from non-Africans, including a San; and a chimpanzee. The Neanderthal DNA obtained from the Vindija Cave was not of very high quality, resulting in a significant number or errors when reading the Neanderthal sequence, but a much higher quality sample of DNA was obtained from a 50 Kya Neanderthal proximal pedal phalanx toe bone from Denisova Cave in the Altai Mountains in southern Siberia (correspondence with Nick Patterson, February 5, 2014) . This was sequenced by the same group and the results were published in Prüfer et al (2014) in Nature on January 2, 2014.
In Green et al (2010) and Prüfer et al (2014) , David Reich and Nick Patterson introduced the D statistic, based on the difference between the allele counts for allele patterns BABA and ABBA in the European-African-Neanderthal-Chimpanzee alignment, where the European and Neanderthal share the same derived alleles in BABA and the African and Neanderthal share the same derived alleles in ABBA, to determine whether Neanderthals were more closely related to non-Africans than to Africans (Green et al 2010, Suppl. 15; Prüfer et al 2014, Suppl. 14) . See Appendix A.
The allele counts for the BABA and ABBA allele patterns were then used to estimate the admixture proportion using two different estimators obtained by substituting statistics based on these allele patterns in the two population admixture equation E = fN A + (1-f) A A , where E is the present-day European genome, N A is the Neanderthal genome that contributed alleles to the present-day European, A A is the sub-Saharan African ancestral genome that contributed alleles to the present-day European, and f is the Neanderthal admixture proportion (Green et al 2010, Suppl. 15, equation S15.7; Suppl. 18, equation S18.1; Prüfer et al 2014, Suppl. 14, equation S14.8 ).
In Green et al (2010) , the S statistic, equal to the numerator of the D statistic, was substituted for each population in the two population admixture equation to derive an admixture estimator, f as a ratio of two S statistics (Appendix A). This was interpreted as measuring the relative rate of matching of the European and African sequences to the Neanderthal sequence. In Prüfer et al (2014) , the F 4 statistic, seen to measure the overlap between the drift paths of two admixing populations, was substituted for each population in the two population admixture equation to derive the f 4 -ratio admixture estimator as a ratio of the F 4 statistics on each side of the phylogeny (Appendix A).
In Green et al (2010) , Reich and Patterson estimated that the proportion of Neanderthal ancestry in present-day Europeans ranged between 1.3% and 2.7% (Green et al. 2010, Suppl. 18) . In Prüfer et al (2014) , their estimates ranged between 1.48% and 1.96% (Prufer et al. 2014, Suppl. 14) . Neanderthal admixture was defined as "the proportion of lines of descent [or] probability that the line of descent, will pass through the Neanderthal population [or] lineage", or "the proportion that traces its genealogy through the Neanderthal side of the phylogenetic tree" (correspondence with Nick Patterson, June 17, 2012, and January 24, 2014; Green et al. 2010, Suppl. 18) .
Appendix A examines how the substitution of the S statistic and the F 4 statistic in the two population admixture equation resulted in estimators which are not equal to the admixture proportion, and how the estimators actually used by Reich and Patterson to calculate the admixture proportion do not correspond to their definitions of Neanderthal admixture (Appendix A. Mathematical error in the derivation of estimators of admixture proportions).
Allele counts
This paper takes a different approach by first examining the allele counts obtained from the French-San-Neanderthal-Chimpanzee alignments to see what they might tell us about the contributions of archaic ancestors to the European genome. The allele counts for the French-San-Vindija Neanderthal-Chimpanzee alignment were published in Green et al (2010) , Suppl. 15, Table S51 . A similar set of allele counts for the French-San-Altai Neanderthal-Chimpanzee alignment were kindly provided to the author by Nick Patterson after the publication of the sequencing of the high quality DNA from the Altai Neanderthal in Prüfer et al (2014) . See Table  1 . The analysis in this paper focuses on the previously unpublished allele counts from Prüfer et al (2014) , but also references the allele counts from the Vindija alignment to demonstrate consistency and variation in sequencing errors between the two alignments.
These allele counts offer the possibility of an extraordinary insight into the genetic makeup and ancestral history of present-day Europeans. The fifteen allele counts, covering all possible allele patterns from the Altai alignment, were obtained from more than one billion data quality filtered sites on the respective genomes of the four populations, so potentially provide an extremely reliable source of information. In spite of real possibilities of sequencing errors, particularly with the poorer quality archaic DNA samples, it seems reasonable to start by assuming that the allele counts are substantially correct, although this assumption will be re-examined later.
In order to analyze this data it is helpful to understand what these allele patterns represent and relabel them accordingly so the letters correspond to the most likely source of the allele in the European genome. For this purpose, we will designate A = ancestral to humans and chimpanzee, B = Neanderthal, C = sub-Saharan African, D = European, and E = Chimpanzee differs from common ancestor of humans. We can then try to deduce what the observed counts tell us.
For example, the allele pattern BABA indicates that at these sites the San and Chimpanzee share the ancestral allele A and the French and Neanderthal share a derived allele B, which we will assume to have originated in an ancestor of the Neanderthal, although as we will see later it could have originated in another archaic ancestor of the French which admixed with an ancestor of the Neanderthal. Consequently, this will retain its label BABA. However, the allele pattern labelled BBBA relative to the Chimpanzee being considered ancestral, which includes both mutations AAAB that arose in the Chimpanzee genome since the split with humans up until the present time and mutations BBBA that arose in the common ancestor of humans after the split with Chimpanzee but before the divergence of archaic human ancestors, will be relabeled AAAE to include these with other ancestral alleles of humans in the European genome. The amended labels are shown in the second column of Table 1 .
Error in the Vindija AABA allele count
The first point to note is that comparison of the alignments using the Croatian Vindija and Siberian Altai Neanderthals indicates a significant similarity in allele patterns obtained using these geographically distant Neanderthal DNA samples, providing confidence about the validity of the counts. The main exception is the allele count for AABA, which is 5,827,247 (0.7 % of the total) in the Vindija alignment versus 755,369 (0.05% of the total) in the Altai alignment (Table 1) . This allele pattern represents mutations in the Neanderthal genome at sites where the French, San and Chimpanzee alleles are the same as each other, and therefore presumably ancestral. Because the mutation in this allele pattern derives from the sequencing of the archaic Neanderthal DNA, this is particularly vulnerable to sequencing error, given that a misread of the Neanderthal allele as B rather than A is more likely than any other error due to the very large AAAA count. It is also more likely that the error will be larger in the sequencing of the low quality Vindija DNA samples compared with the high quality Altai DNA. This is confirmed by comparing these AABA counts with the corresponding relabeled ACAA counts, which represent mutations in the San genome at sites where the French, Neanderthal and Chimpanzee are the same as each other, and therefore presumably ancestral. In a population model where Neanderthals and sub-Saharan Africans share a common ancestor, we would expect the allele counts AABA and ABAA to be approximately equal within each alignment as these counts indicate the divergence time of the two populations. In the Vindija alignment, the AABA count of 5,827,247 is significantly different from the ABAA count of 689,594; whereas in the Altai alignment these counts are similar; 755,369 and 648,304, respectively. This suggests a very large sequencing error in Vindija AABA count; and a considerably reduced error in this most vulnerable allele pattern in the Altai sample. This is very reassuring with regard to our assumption that the Altai alignment allele patterns are substantially correct. Consequently, unless specifically identified, the rest of this analysis will refer to the allele counts from the Altai alignment.
Allele pattern AAAE; percentage of human genome shared with the chimpanzee For the analysis of the European genome, the next step is to reorder the allele patterns so they are grouped according to whether the French (European) allele is ancestral A, or the same as the derived Neanderthal allele B, or the same as the derived San (sub-Saharan African) allele C, or represents a unique derived European allele D ( Table 2 ).
The first observation from this table is that the total number of alleles for which the French allele is ancestral (relabeled allele patterns A***) indicates that 99.9174% of the French (European) genome is ancestral. Subtracting the allele count for AAAE, where the common ancestor of humans and Chimpanzee differ, results in 98.7562% of the European genome being identical to that of the Chimpanzee. This corresponds very closely with the range 98.77-98.94% reported by the Chimpanzee Consortium in Mikkelsen et al (2005) , so again this is very reassuring. Assuming the currently most favored human mutation rate of 0.5 x 10 -9 bp per year 2 , the AAAE allele count corresponds to a genetic divergence time between humans and chimpanzee of ((16,332,396/1,389,787,867) /0.5 x 10 -9 + 1,400,000 + 50,000)/2 = 12.5 Mya, allowing 1.4 My for the branch shortening arising from the subsequent split between ancestors of Neanderthals, sub-Saharan Africans and Europeans and 50 Ky for the date of the Neanderthal sample (see Genetic Divergence Times below and Table 2 ). A human mutation rate of 1.0 x 10 -9 bp per year would halve this estimate to approximately 6.2 Mya.
2. The human mutation rate has recently been reduced from 1.0 x 10 -9 bp per year to around 0.5 x 10 -9 bp per year. The 1000 Genomes Project Consortium in 2010 calculated mutation rates based on de novo germline mutations for the present-day human samples of 1.2 x 10 -8 bp per generation for Europeans and 1.0 x 10 -8 bp per generation for Africans compared with 0.5 x 10 -9 bp per year for the archaic ancestors assumed in this paper. These correspond to generations of 24 and 20 years respectively (1000 Genomes Project Consortium 2010, page 1,068 and Suppl. Info. 12.4) .
Allele patterns AABA, ACAA and DAAA: existence of third archaic ancestor of Europeans On examining the remaining allele patterns, the first major question concerns the allele pattern DAAA, for which the French allele is different from the San, Neanderthal and Chimpanzee alleles and for which the allele count is 630,343, about the same as AABA at 755,369 and ACAA at 648,304 and. As noted previously, AABA represents mutations in the Neanderthal genome at sites where the French, San and Chimpanzee alleles are the same as each other, and therefore presumably ancestral, and ACAA represent mutations in the San genome at sites where the French, Neanderthal and Chimpanzee are the same as each other, and therefore presumably ancestral. Similarly, DAAA represents mutations in the French genome at sites where the San, Neanderthal and Chimpanzee alleles are the same as each other, and therefore presumably ancestral; but what does this mean?
The two population admixture equation which was used in the derivations of the admixture estimators assumed that the present-day European genome is an admixture of a Neanderthal-related genome and a sub-Saharan African-related genome, E = fN A + (1-f) A A . In this model, mutations in the European genome are either mutations in the ancestral Neanderthal genome or mutations in the ancestral sub-Saharan African genome and cannot contribute to DAAA as they would also be present in Neanderthals or sub-Saharan Africans. So the DAAA allele pattern can only represent mutations in the European genome (i.e. A to D in AAAA resulting in DAAA) occurring after the admixture event. However, the number of such mutations far exceeds what is possible under the usual assumption of an approximately constant rate of human mutation and admixture between Neanderthals and African ancestors being relatively recent (within the last two hundred thousand years).
The AABA count corresponds to a branch length on the Neanderthal lineage of (755,369/1,389,787,867)/(0.5 x 10 -9 ) = 1,087 Ky, assuming a human mutation rate of 0.5 x 10 -9 bp per year; or 1,137 Ky, allowing for the Altai Neanderthal sample being 50 Kya old. The ACAA count corresponds to a branch length on the African lineage of (648,304 /1,389,787,867)/(0.5 x 10 -9 ) = 933 Ky; and the DAAA allele count corresponds to a branch length on the European lineage of (630,343/1,389,787,867)/(0.5 x 10 -9 ) = 907 Ky (Table 2) 3 .
3. Patterson and Reich confirmed that the error rate in these allele counts was relatively small, stating that "assuming that the mutation rates have been constant on both French and San lineages, the difference in the rates of ABAA and BAAA counts (647, 939 and 629, 542 respectively) must be due to a difference in the error rate of the sequencing for French and San" (Green et al 2010, SOM 15, page 137) . This difference was used to estimate the error rate, and to validate their analysis based on the difference between the ABBA and BABA allele counts. In the testing of filters in Suppl. Info. 6a in Prufer et al, the mutations on each lineage leading to Africans, Europeans, Neanderthal and Denisova were compared with the mutations on the human reference genome and the ratios were shown to be close to 1 after allowing for branch shortening due to difference in ages of death (Prufer et al 2014, pages 45-6, Suppl. Info. 6a) . This assumes equal mutation rates on all lineages.
Adjustment for sequencing errors
Allele patterns, such as BCBA, with more than two alleles could either reflect sequencing errors or two or more separate mutations at the same single nucleotide polymorphism (SNP). In tables 2, 3 and 4, these were adjusted by replacing the allele that is most likely in error or resulted from a second or third mutation with the allele of most likely allele pattern, and relabeling accordingly. For example, BCBA is most likely to be a misread or mutation of BBBA, which was relabeled as AAAE.
However, calculation of the mutation rate required to create these allele counts suggests that they are largely consistent with two separate mutations, or in the case of BCDA, three separate mutations, with a relatively small contribution from sequencing errors. As might be expected, the implied residual sequencing errors are largest in the Altai Neanderthal sample (22.3% of the mutation rate), less in the San (7.9%), and least in the French (0.8%) ( Table 2) .
Adjusting the previously calculated branch lengths for the three lineages for the corresponding implied sequencing error rates above results in branch lengths of around 889 Ky for the ancestor of Neanderthals, corresponding to AABA, or 939 Ky allowing for the age of the Altai Neanderthal sample; of around 864 Ky for the ancestor of present-day sub-Saharan Africans, corresponding to ACAA; and of around 900 Ky for the unidentified third ancestor of present-day Europeans, corresponding to DAAA ( Table 2) . As AABA, ACAA and DAAA represent mutations unique to the respective populations, these adjusted branch lengths correspond to the time during which the ancestral populations of Neanderthals, Africans and Europeans were distinct from each other. The fact that they are approximately equal provides further support for this analysis and the data.
Consequently, the most parsimonious explanation of the DAAA count is the existence of a previously unidentified third archaic ancestor of Europeans. This implies a revised three population admixture equation
where O A is the genome of the third archaic ancestor of Europeans. This further invalidates the derivation of the admixture estimators used in Green et al (2010) and Prüfer et al (2014) , which assumed a two population admixture equation
Allele patterns CCAA, BABA and ABBA; shared mutations and admixture
The CCAA count of 375,289, indicating (375,289/1,389,787,867)/(0.5 x 10 -9 ) = 540 Ky of mutations, represents either shared mutations after the common ancestor of Europeans and Africans had split from the ancestor of Neanderthals and before their ancestors split from each other, or the sharing of mutations on the European or African lineages from more recent admixture between the ancestors of Europeans and Africans ( The ABBA allele count, with the same derived allele at a locus in the African and Neanderthal genomes, and European and Chimpanzee sharing the ancestral allele, of 143,385, indicating (143,385/1,389,787,867)/(0.5 x 10 -9 ) = 206 Ky of mutations, probably reflects the remnants of gene flow from a Neanderthal ancestor, probably Homo heidelbergensis, into the African ancestor around 600 Kya (Table 2 ). There is evidence that a group similar to European Homo heidelbergensis, sometimes referred to as Homo rhodesiensis to distinguish it from the European variety, was present in Africa between 600-200 Kya (Rightmire 1996) 5 . It may be that Homo heidelbergensis expanded into Africa and admixed with the archaic African ancestor.
Homo rhodesiensis cannot be the ancestor of Homo neanderthalensis as the DNA indicates a much earlier separation between the ancestors of Africans and the ancestors of Neanderthals. Interestingly, early admixture between the African lineage and the
Neanderthal lineage (in the form of Homo heidelbergensis), resulting in an "anatomically modern human" (AMH) morphology in Africa, might be a precursor to the later admixture of the African lineage with a hybrid of the third archaic ancestor lineage and Neanderthals to create another anatomically modern human, present-day humans or Homo sapiens, in Eurasia.
Even though it is claimed in Prufer et al (2014) , that present-day sub-Saharan Africans share more derived alleles with Neanderthals than with Denisovans, coalescent simulations based on a model in which Neanderthals admixed with the ancestors of sub-Saharan Africans after their split from Denisova around 600 Kya, did not predict an increase in this signal at sites with a higher frequency of African derived alleles. (Prüfer et al 2014, Suppl. 16a.) However, this would not be expected if the admixture occurred around 600 Kya with a group of early Homo heidelbergensis, prior to the split of Denisovan ancestors from another group of Neanderthal ancestors, for example, which had headed east into the Altai Mountains at around the same time. In any event, the ABBA allele counts in both Green et al (2010) and Prüfer et al (2014) indicate that admixture occurred between the ancestors of both the Vindija and Altai Neanderthals and ancestors of sub-Saharan Africans ( Table 1) . Genetic divergence times and the archaeological and anthropological evidence Allowing for time of death of the Neanderthal of around 50 Kya, and assuming that the BABA and ABBA allele patterns represent gene flow from Neanderthals into the third archaic ancestor, and gene flow from Neanderthal ancestors into African ancestors, respectively; and the CCAA allele patterns represent shared mutations after the genetic divergence of the common ancestor of Europeans and Africans from the ancestor of Neanderthals and before the split between the African ancestor and the third archaic ancestor of Europeans, this would result in genetic divergence times for the three lineages as follows (Table 3) This would also indicate an initial split between the common ancestor of Europeans and Africans and the ancestor of Neanderthals around 1.4 Mya, followed by a split between the ancestor of Africans and the third archaic ancestor of Europeans around 900 Kya 6 . These genetic divergence times, which are, of course, subject to the accuracy of the estimated human mutation rate, correspond very well with the archaeological and anthropological evidence, providing further support for this analysis and for the average mutation rate.
6. Indications of the existence of an unknown other archaic ancestor of Denisovans were also reported in Prüfer et al (2014) , which found that sub-Saharan Africans share more derived alleles with Neanderthals than with Denisovans and that this signal grows stronger for alleles that occur at 100% frequency (i.e. are fixed) in Africans (Prüfer et al 2010, pages 46-47 and Suppl. 16a, page 139) . This was interpreted as being best explained by gene flow from an unknown archaic population into Denisovans, which diverged from ancestors of Africans and Neanderthals around 0.9-1.4 Mya. The estimates above for divergence dates fall within this range, so this could have been the third archaic ancestor. Solecki et al 1986, Paleorient; Copeland 1982, Paleorient; Jelinek 1982, Science) . 
Alternative explanations
This is a fairly radical conclusion so consideration of other possible explanations is in order. Reviewers' comments and correspondence with the authors of the admixture estimates have focused on errors in the data or on the interpretation of the data.
It has been argued that the critical DAAA allele count and the other singletons, the ACAA and AABA allele counts, are very sensitive to sequencing error because of the large number of AAAA sites which can result in these errors by a single misread compared with the ABBA and BABA counts used in the estimations based on a ratios of two S statistics or the f 4 -ratio.
Although the AABA allele count, depending on the accurate reading of alleles in ancient DNA, is highly vulnerable, as was identified above for the low quality Vindija Neanderthal DNA, this is less true for the high quality Altai Neanderthal, and much less true of the DAAA and ACAA allele counts. The likelihood of sequencing error is least of all for the DAAA allele count, which is based on sequencing present-day European DNA, which is of far greater quality and availability than archaic DNA. As noted previously, Green et al (2010) , Prufer et al (2014), and the analysis of triallelic sites above, all demonstrated that sequencing errors were low in the DAAA and ACAA allele counts.
A second argument is that the DAAA count could be the result of ancient polymorphisms in present-day human DNA. A polymorphism occurs where there is more than one variant of the nucleotide at a locus, known as an allele. Although mutations will generally result in polymorphisms when they arise (because the mutation initially affects only one individual in the population and only one of the base pairs in the double stranded DNA), over time most polymorphisms are believed to lose one or the other allele due to genetic drift or selection and become fixed.
It is argued that the excess DAAA allele counts represent derived alleles associated with common polymorphisms existing in present-day humans prior to the split between Europeans and Africans (around 50 Kya), where the European (French) individual selected the African derived allele and the African (San) individual selected the ancestral allele. (Although this could arise from polymorphisms in the Neanderthal ancestor this would be much more limited assuming only 2% of Neanderthal admixture.) This implies that the allele count should be labelled CAAA rather than DAAA under the convention adopted in this paper. In addition, a corresponding number of derived alleles associated with these polymorphisms would have created ACAA allele counts, where the European (French) individual selected the ancestral allele and the African (San) individual selected the derived allele. Where the derived alleles were selected by both individuals they would result in CCAA allele patterns.
According to this explanation, these polymorphisms would have been the result of mutations in the African ancestor existing prior to the split between the European and African ancestors which and had not yet become fixed. However, under the two archaic ancestor model, mutations on the human lineage during the 850 Ky following the split between the human and Neanderthals ancestors and prior to the split between Europeans and Africans are shared and would normally be expected to contribute to the CCAA allele count. It would also require a very large number of polymorphisms in the African ancestor at the time when the African and European populations diverged to generate a CAAA allele count representing 900 Ky of mutations when the population sizes were relatively small and consequently the number of polymorphisms relatively small. Consequently, the CCAA allele count would be expected to be significantly larger than the DAAA and ACAA allele counts. In the Altai Neanderthal alignment, the CCAA allele count was 375,289, DAAA was 630,343, and ACAA was 647,939, which effectively disposes of this explanation 9 . Figure  4(c) ). A third argument is that the DAAA count could be the result of incomplete lineage sorting. Incomplete lineage sorting occurs when the common ancestor is polymorphic prior to its segregation into two lineages and both alleles are retained in the two lineages. If one of the daughter lineages divides again relatively soon then all three lineages may carry both alleles. Over time, each lineage will lose one or the other allele due to genetic drift or selection and, depending on which allele is retained, the resulting genomic segment may or may not match the overall lineage-level phylogenetic tree.
Under the two archaic population model, after the Neanderthal and African lineages divided, incomplete lineage sorting would occur at sites where the common ancestor was polymorphic and lineage 1 (European) retained the derived allele C, lineage 2 (African) retained the ancestral allele A and lineage 3 (Neanderthal) retained the ancestral allele A. Then the "gene tree" would not match the "species tree" for this gene segment. In this example the CAAA allele pattern does not match the species tree between the common ancestor of the European and African individuals and the ancestor of the Neanderthal.
The problem with this explanation, which is similar to the problem with polymorphisms existing prior to the split between Europeans and Africans, is the size of the DAAA allele count. It would require a very large number of polymorphisms in the common ancestor at the time of the split between the ancestors of Neanderthals and ancestors of Africans when the population sizes were relatively small. Not only is the DAAA allele count nearly twice the size of the CCAA allele count, but it is also approximately equal to the ACAA allele count, representing around 900 Ky of mutations on the African lineage.
In Green et al (2010) , Reich and Patterson used the fact that a difference between the number of BABA and ABBA allele patterns cannot be explained by incomplete lineage sorting to detect gene flow. However, this did nothing to explain the size of these allele counts or the DAAA allele count. Green et al (2010) concluded that "Although gene flow from Neanderthals into modern humans when they first left sub-Saharan Africa seems to be the most parsimonious model compatible with the current data, other scenarios are also possible … we cannot rule out a scenario in which the ancestral population of present-day non-Africans was more closely related to Neanderthals than the present-day Africans due to ancient substructure within Africa" (Green et al 2010, page 722) . This limitation was addressed by Yang et al (2012) , who used simulations to show that the observed shapes of the site frequency spectrum, conditioned on a derived Vindija Neanderthal and an ancestral Yoruba nucleotide (doubly conditioned site frequency spectrum or dcfs), could not be explained by the ancient structure model but the recent admixture model provided a good fit for the observed dcfs for non-Africans, supporting the recent admixture hypothesis (Yang et al 2012 (Yang et al , pages 2987 (Yang et al -2993 . Lohse and Frantz (2014) demonstrated that by dividing the genome into short blocks and computing maximum likelihood estimates of parameters under models of admixture and ancestral population structure, they were able to conclusively reject ancestral structure in Africa. This analysis provided strong support for between 3.4% -7.9% admixture from Neanderthals into Eurasian populations, noting that the D-statistic estimate was a lower bound whereas maximum likelihood estimates are unbiased (Lohse and Frantz 2014 , pages 1241 -1249 10 .
10. Lohse and Frantz (2014) noted that the D-statistic is a drastic summary of genetic variation based on mutation patterns ABBA and BABA that are incongruent with the species tree, and the fact that an excess of either sites cannot be explained by incomplete lineage sorting so must reflect Neanderthal admixture (Lohse and Frantz 2014, page 1242) . They compared two alternative models of divergence, recent instantaneous unidirectional admixture (IUA) and persistent structure in the ancestral population (AS), using a more powerful maximum likelihood test, which uses all polymorphic sites not just shared derived sites, to demonstrate that IUA provides a better explanation of the allele patterns. Use of this methodology to test a third, more straightforward, model based on three lineages, and two admixture events as proposed in this paper would probably provide an even better fit with the observed allele counts. Ideally, this should use the Altai Neanderthal DNA rather than the Vindija Neanderthal DNA, which Lohse and Frantz (2014) used in their test, to avoid or minimize the correction for Neanderthal singletons (Lohse and Frantz 2014, page 1246 ).
An alternative argument based on ancient substructure within Africa, known as linkage disequilibrium (LD), is based not on individual alleles but on the association between stretches of the genome. Linkage disequilibrium occurs when there is a nonrandom association of alleles at two or more loci on a chromosome, such that the haplotype frequency is no longer equal to the product of the allele frequencies. In present-day human populations, the extent of LD between two single nucleotide polymorphisms (SNPs) shared with Neanderthals can be the result of either (a) "nonadmixture LD", reflecting stretches of DNA inherited from the ancestral population of Neanderthals and modern humans as well as LD that has arisen due to bottlenecks and genetic drift in modern humans as they separated from Neanderthals, or (b) "admixture LD", reflecting stretches of genetic material resulting from gene flow from Neanderthals into modern humans (Sankararaman et al 2012, pages 1-2).
Sankararaman et al (2012) measured the extent of LD in the genomes of present-day Europeans and found that the last gene flow from Neanderthals into Europeans likely occurred between 37-86 Kya and most likely between 47-65 Kya, which is "too recent to be consistent with the "ancient African population structure" scenario" … and "strongly supports the hypothesis that at least some of the signal of Neanderthals being more closely related to non-Africans than to Africans is due to recent gene flow" (Sankararaman et al 2012, pages 6-7). Whilst Sankararaman et al (2012) accepted Eriksson and Manica's demonstration, using a spatially explicit model and approximate Bayesian computation, that ancient substructure can also account for the observation from D-statistics (Eriksson and Manica 2012, pages 13956-13958) , they claim that both this new approach and that of Yang et al (2012) show that "ancient substructure alone cannot explain these signals".
Relative proportions of derived alleles in the present-day European genome The similarity between the relative proportions of derived alleles in the genomes of these two archaic individuals and those of present-day Europeans, represented by the French individual, indicates a common origin in an admixed population prior to 45 Kya, with no subsequent major contribution to the European genome.
The relative proportion of Neanderthal derived alleles of 13.6% differs significantly from the proportion of Neanderthal ancestry in present-day Europeans of between 1.3% and 2.7% reported in Green et al (2010) , and of between 1.48% and 1.96% reported in Prüfer et al (2014) . This proportion is simply the relative proportion of derived alleles in the present-day European genome. There is no attempt in these computations to infer the history of these populations, nor does it require the use of coalescent theory or simulations. However, it is extremely difficult to explain how between 1.3% and 2.7% of Neanderthal ancestry, however defined, could result in a 13.6% relative proportion of Neanderthal derived alleles in the European genome.
The analysis in Appendix A identifies an error in the derivation of Reich and Patterson's admixture estimators, and shows how this error resulted in a Neanderthal admixture estimate of between 1.3% and 2.7% rather than 29.6% in the two population model or 13.6% in the three population model. It also demonstrates that the admixture estimators which they actually used do not correspond to the admixture fractions in either the two population or three population admixture equations, or to their definitions of Neanderthal admixture 11 . A, N 1 , C) ] and the f 4 -ratio, f = F 4 (E,A; N,C)/ F 4 (N A ,A;N,C) used in Green et al (2010) , Prüfer et al (2014) and a number of other papers. (Reich et al 2009, Suppl. S5: 43-44 and Appendix 2: 4-9; Reich et al 2010, Suppl. 8: 43-58; Suppl. 11: 49-58; Suppl. 19: 158-161; Durand et al 2011 Durand et al : 2248 Reich et al 2011: 517-523 and Appendix A: 523-525; Moorjani et al 2011: 2, 9, fig. 2; Meyer et al 2012, Note 11: 42-46; Patterson et al 2012 : 1072 -1073 and Appendix A: 1089 Wall et al 2013: 202-203; Lazaridis et al 2014, Suppl. 6: 37-38; Fu et al 2014, Suppl. 16: 92-95; Seguin-Orlando et al 2014, Suppl. S9: 21-24 . 
The analysis in Appendix A identifies an error in deriving the admixture estimators f = E[S(E, A, N 1 , C)]/ E[S(N A ,

) The substitution of S statistics and F 4 statistics in the admixture equation E = fN A + (1-f) A A results in a value
Conclusion
The most parsimonious explanation of the allele counts is the existence of a third archaic ancestor of Europeans, probably in the Levant, which diverged from the ancestor of Africans around 900 Kya, following an early split between the ancestors of Africans and Neanderthals around 1.4 Mya. This, together with subsequent admixture between the third archaic ancestor and Neanderthals around 250-55 Kya and with newly emerged ancestors of Africans between 63-50 Kya, provides a highly coherent explanation of all 15 allele counts in the Altai alignment that is consistent with the archaeological and anthropological record. Without this assumption, these allele counts are entirely inexplicable.
Analysis of the allele counts attributable to the three archaic ancestors of present-day Europeans shows that the relative proportions of derived alleles in the 0.0826% of the European genome that is not shared with the common ancestor of humans and chimpanzee are 13.6% Neanderthal, 32.3% sub-Saharan African and 54.2% third archaic ancestor (Table 3) .
Applying the same analysis to the San genome, the relative proportions of derived alleles in the sub-Saharan African genome are 87.7% African and 12.3% Neanderthal (Table 4 ). This is compatible with the greater genetic isolation of sub-Saharan Africans, as might be expected from their geographical location and the obstacles to outward or inward migration.
Appendix A
Mathematical error in the derivation of estimators of admixture proportions
The two published estimators of admixture proportions in the European genome do not represent the admixture fraction f in the two population admixture equation E = fN A + (1-f) A A , where E is the genome of the present-day European population, N A is the Neanderthal genome that contributed alleles to the present-day European, and A A is the genome of the sub-Saharan African ancestral population of present-day non-Africans, because (i) the substitution of the S statistic and F 4 statistic in the two population admixture model results in a value for f which is not equal to the admixture fraction; and (ii) a three population model is required if there is a third archaic ancestor of Europeans. Consequently, the resulting admixture estimators do not measure the proportion of Neanderthal derived alleles in the European genome.
In particular, the admixture estimator actually used by David Reich and Nick Patterson does not correspond to their definition of Neanderthal admixture as the proportion of lines of descent or probability that the line of descent, will pass through the Neanderthal population or lineage, or the proportion that traces its genealogy through the Neanderthal side of the phylogenetic tree. Substitution of the alleles in each genome or the aligned alleles for each ancestral population in a three population admixture equation provides a valid estimator of admixture proportions based on the relative contributions of derived alleles.
The two published estimators of the admixture proportion In Green et al (2010) , David Reich and Nick Patterson used the difference between the allele counts for allele patterns BABA and ABBA in the European-African-Neanderthal-Chimpanzee alignment, where the European and Neanderthal share derived alleles in BABA and the African and Neanderthal share derived alleles in ABBA, to determine whether Neanderthals were more closely related to non-Africans than to Africans. They defined the D statistic as D(E, A, N 1 , C) = [∑{i = 1,n}[C BABA (i) -C ABBA (i)]] E / [∑{{i = 1,n}[C BABA (i) + C ABBA (i)]] E , where E represents the present-day European population, A represents the present-day sub-Saharan African population, N 1 represents one Neanderthal sample, and C represents the present-day Chimpanzee population, and C BABA and C ABBA are indicator variables, which can be 0 or 1 depending on whether an ABBA or BABA pattern is seen at base i (Green et al 2010, Suppl. 15) . For the alignment French-San-Vindija Neanderthal-Chimpanzee, D = 0.042 or 4.2% (Green et al 2010, Suppl. 15, table S48 ).
The allele counts for the BABA and ABBA allele patterns were then used to estimate the admixture proportion of Neanderthal alleles in present-day Europeans, by substituting the numerator of the D statistic, the S statistic, S(X, A, N 1 , C) = ∑{{i = 1,n}[C BABA (i) -C ABBA (i)], for each genome in the two archaic ancestor admixture equation E = fN A + (1-f) A A , where S(X, A, N 1 , C) measures the relative rate of matching of samples X and A to the Neanderthal sample N 1 which was sequenced.
This results in E[S(E, A, N 1 , C)] = (f) E[S(N A , A, N 1 , C)] + (1-f) E[S(A A , A, N 1 , C)].
Setting E[S(A A , A, N 1 , C)] = 0 because A A and A form a clade relative to N 1 and C; E[S(E, A, N 1 , C)] = (f) E [S(N A , A, N 1 , C) ].
Then f = E [S(E, A, N 1 , C) ]/ E [S(N A , A, N 1 , C) 14.
The f 4 -ratio was derived by substituting the F 4 statistic, F 4 (X,A;N,C) = ∑{i = 1,..n}(x ia i )(n ic i ), for each genome in the two archaic ancestor admixture equation E = fN A + (1-f)A A , where E is the genome of the present-day European population, N A is the Neanderthal genome that contributed alleles to the present-day European population, A A is the genome of the sub-Saharan African ancestral population of present-day non-Africans, C is the genome of the present-day chimpanzee population, F 4 (X,A;N,C) measures the overlap between the drift paths of two admixing populations, and x i , a i , n i , c i are the corresponding allele frequencies.
This results in F 4 (E,A; N,C) = (f) F 4 (N A ,A;N,C) + (1-f) F 4 (A A ,A;N,C).
Setting F 4 (A A ,A;N,C) = 0, because A A and A are in a clade relative to N and C, results in F 4 (E,A; N,C) = (f) F 4 (N A ,A;N,C) .
Then, f = F 4 (E,A; N,C)/ F 4 (N A ,A;N,C) = ∑{i = 1,..n} (e ia i )(n ic i )/ ∑{i = 1,..n} (n A ia i )(n ic i ) is seen to represent the overlap between drift paths between the two admixing populations on each side of the phylogeny, where e i , a i , n i , c i and n A i are the corresponding allele frequencies in each population (Reich et al 2009, Suppl. 5; Patterson et al 2012 Patterson et al :1072 Patterson et al -1073 and Appendix A).
The genealogical derivation based on admixture graphs and coalescence theory assumed that with probability f the E lineage was derived from a lineage N and that with probability (1-f) the E lineage was not derived from a lineage N but traced its lineage through the P (1,2) = P (E,A) side of the phylogeny, and that the probability of allele patterns BABA and ABBA equals the probability of the appropriate topology times the probability of coalescence, times the branch length, times the mutation rate.
Substitution of the S statistic and the F 4 statistic in the admixture equation
The first question is what does the admixture equation E = fN A + (1-f) A A mean. What does it mean to equate one population as a linear admixture of two other populations or one genome as a linear admixture of two other genomes? It clearly does not mean that we simply add individuals from two ancestral populations, e.g. A A and N A in particular proportions and the result is the present-day population, E. In this case, we are defining a fraction, f, of the alleles in the European genome as deriving from the genome of the Neanderthal ancestor and the residual fraction (1-f) as deriving from the genome of the African ancestor. It is a vector equation between the vectors E, N A and A A with coefficients equal to 1 and 0 or 0 and 1 at each site on the genome. f is the sum of the coefficients for the vector N A normalized by the total number of sites.
In general, f in the admixture equation x = fy + (1-f)z, is only valid as an admixture proportion under certain conditions. This equation is really two equations, x = ay + bz and a + b = 1. The conditions for f to be a valid admixture proportion in this equation include the following: (i) The values for the variables, x, y and z, must be additive, which means that they must be expressed in common units; e.g. pints, pounds, or number of alleles; (ii)
The values of the variables, x, y and z, must be normalized to be the same size in these units; e.g. 1 pint, 1 pound, 1 genome or a fixed number of alleles; otherwise f and (1-f) will reflect the values of the variables rather than the proportions in the dependent variable; (iii) The independent variables, y and z, must both be non-zero unless f = 1 or 0 (no admixture) so that a + b = 1; otherwise, for example, if z = 0, f in x = fy does not represent the admixture proportion unless f = 1, as there is no (1-f) to complete the mixing equation and no condition on f.
In derivation A, substitution of the S statistic S(X, A, N 1 , C) = ∑{i = 1,n}[C BABA (i) -C ABBA (i)], for each population X in the two archaic ancestor admixture equation E = fN A + (1-f) A A , and elimination of the term (1-f) A A because S(A A , A, N 1 , C) = 0, clearly does not satisfy the conditions for f to be a valid admixture proportion. For f to be a valid admixture proportion in this equation, the S statistic S(X, A, N 1 , C)= ∑{i = 1,n}[C BABA (i) -C ABBA (i)] for each population would need to be valid variables in the admixture equation. However, it is clear that they are not: (i) is satisfied as numbers of bases i (sites or alleles) are additive; (ii) is not satisfied; the value of the S statistic is not the same for each population; and (iii) is not satisfied unless f = 1 (no admixture) because E[S(A A , A, N 1 , C)] = 0.
Consequently, rather than being derived from E = fN A + (1-f) A A , we are left with the admixture proportion being defined as f * = E[S(E, A, N 1 
The D statistic is defined as D
Substituting D = 0.042 from Table S48 in Green et al (2010) Consequently, the admixture estimator defined as f * = E [S(E, A, N 1 , C) ]/ E[S(N A , A, N 1 , C)] = [∑{i = 1,n}[C BABA (i) -C ABBA (i)]] E / [∑{i = 1,n}[C BABA (i) -C ABBA (i)]] NA = 0.042 x 301,320/1,056,689 = 1.2%. This value is a lower bound because with less than 100% matching of Neanderthal derived alleles between the two Neanderthal samples N A and N 1 , or if C ABBA (i) is non-zero, the value of the denominator will be reduced and this percentage will be increased. This is then not far from the estimates of between 1.3% and 2.7 % reported in Green et al (2010), Suppl. 18: 161; 3 .0% in Reich et al (2010), Suppl. 8: 55 ; and between 1.48% and 1.96% in Prüfer et al (2014), Suppl. 14: 128 . This also demonstrates the relationship between this estimator f * and the D statistic. A, N 1 , C) ] is clearly not the admixture proportion f in the admixture equation E = fN A + (1-f) A A . The ratio was described in Green et al (2010) as "the extent to which the European population is towards being entirely of Neanderthal ancestry". (Green et al 2010, Suppl. 18: 159) .
That is not what f represents in the two archaic ancestor admixture equation E = fN A + (1-f) A A ; nor is it the Neanderthal admixture proportion f N in a three archaic ancestor admixture equation
where O A is the genome of the third archaic ancestor of Europeans. Nor does the admixture estimator actual used by David Reich and Nick Patterson correspond to their definition of Neanderthal admixture as the proportion of lines of descent or probability that the line of descent, will pass through the Neanderthal population or lineage, or the proportion that traces its genealogy through the Neanderthal side of the phylogenetic tree.
If the admixture equation is restricted to derived alleles of the Neanderthal and sub-Saharan African ancestors in the European genome, in the two archaic ancestor model, the proportion f of Neanderthal derived alleles relative to the total number of derived alleles of the Neanderthal and African ancestors in the European genome is f = BABA/(BABA + BBAA) = 29.6% (Table 3) .
In contrast, f * is approximately equal to the proportion of the derived alleles with allele patterns BABA and ABBA relative to the total number of Neanderthal derived alleles in the Neanderthal genome = 0.042 x (BABA + ABBA)/ (AABA + BABA + ABBA) = 1.2%. The numerical difference between these two estimates is due primarily to the multiplication by the D statistic in the computation of f * , and secondarily to the addition of ABBA to the numerator.
In the three archaic ancestor model, the proportion of Neanderthal derived alleles in the European genome relative to the total number of derived alleles of the three archaic ancestors in the European genome is f = BABA/(BAAA + BABA + BBAA) = 13.6% (Tables 2 and 3 ).
In derivation B, substitution of the F 4 statistic, F 4 (X,A;N,C) = ∑{i = 1,..n} (x ia i )(n ic i ), for each population X in E = fN A + (1-f) A A , and elimination of the term (1-f) A A because F 4 (A A ,A;N,C) = 0, clearly does not satisfy the conditions for f to be a valid admixture proportion. For f to be a valid admixture proportion in this equation, the F 4 statistic F 4 (X,A;N,C) = ∑{i = 1,..n} (x ia i )(n ic i ) for each population would need to be valid variables in the admixture equation. However, it is clear that they are not: (i) is satisfied as the allele frequencies are additive; (ii) is not satisfied; the value of the F 4 statistic is not the same for each population; and (iii) is not satisfied unless f = 1 (no admixture) because F 4 (A A ,A;N,C) = 0.
Consequently, rather than being derived from E = fN A + (1-f) A A , we are left with the admixture proportion being defined as f ** = F 4 (E,A; N,C)/ F 4 (N A ,A;N,C) = ∑{i = 1,..n} (e ia i )(n ic i )/ ∑{i = 1,..n} (n A ia i )(n ic i ), where e i , a i , n i , c i and n A i are the corresponding numbers of alleles in the drift paths between A and N and N A and N on each side of the phylogeny. As with f * =  E[S(E, A, N 1 , C) ]/ E[S (N A , A, N 1 , C) ], the f 4 -ratio for a Eurasian was interpreted "intuitively … as measuring how far of the way a Eurasian population is toward having the allele frequency patterns with Africans, Denisovans and chimpanzee that is characteristic of a 100% Neanderthal" (Reich et al 2010, Suppl. 8: 55) . As before, that is not what f represents in the population model E = fN A + (1-f) A A , nor is it the Neanderthal admixture proportion f N in a three archaic ancestor
The alleles in a genome or the aligned alleles constitute a valid variable in the admixture equation
Although the substitutions of S and F 4 statistics in the two population admixture equation E = fN A + (1-f) A A have been demonstrated as invalid, this equation appears to be a reasonable description for the admixture of two archaic populations; and E = f N N A + f A A A + (1-f N -f A )O A appears to be a reasonable description for the admixture of three archaic populations. As we have seen above, for f to be a valid estimator of the admixture proportion, the population variable substituted for the three populations must be of constant size. It could be the entire genome of each population, or it could be the alleles aligned in each population. Condition (i) is satisfied because numbers of alleles are additive; (ii) is satisfied because the same number of alleles for the same sites have been selected for each population in the alignment; and (iii) is satisfied because there is a set of alleles for each population. If the variables in the admixture equation are the aligned alleles for each population, f or f N will be the relative proportion of Neanderthal alleles in the European genome.
Conclusion
The # A = Ancestral (chimpanzee); B = Neanderthal; C = San African; D = Other French ancestor; E = Chimpanzee differs from common ancestor of humans. ## More than two alleles; substituted with most likely allele pattern. * From Table S51 , Suppl. 15 in Green et al (2010) . ** Data provided by Nick Patterson from the alignments in Prüfer et al (2014) . ,408,858,194 # More than two alleles; substituted with most likely allele pattern. ## Re-ordered San-French-Altai Neanderthal-Chimpanzee.
